This paper presents the characterization and optimization of biosensors based on graphite-epoxy which incorporates the enzyme acetylcholinesterase (AChE). By means of advanced electrochemical techniques, such as electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV), the characterization and optimization of graphite-epoxy-AChE biosensors have been performed. In order to obtain sensitive electrodes, the optimal composition of the transducer material (graphiteepoxy-enzyme ratio) was studied. The optimization of the conductive particles distribution inside the biomaterial has allowed an improvement of the electrochemical properties. Optimal composition guarantees improving electrochemical properties required, such as high electron-transfer rate, high signal-to-noise ratio, and suitable sensitivity. The optimal biocomposite composition range was obtained between 16% and 17% of graphite and 0.12% of AChE. The biosensors were applied to the analysis of different pesticides, organophosphorus and carbamates, using indirect measurements based on enzymatic inhibition process. These optimized biosensors present detection limit one order of magnitude lower compared to the standard composition (nonoptimized) and allow achieving concentrations lower than the established ones by the pesticides regulation. Finally, spiked tap water samples with pesticides were analyzed with the optimized biosensors.
Introduction
The use of (bio)sensors applied to different fields of the analytical chemistry has been done for decades. It can be applied to clinical or medical diagnosis and food control or for environmental monitoring. Regarding the medical applications, biosensors can be used for detecting diabetes mellitus, uremia, heart failure, respiratory insufficiency, metabolic disorders, or muscle damage [1] . Biosensors have been used in environmental applications for the detection of heavy metals or other pollutants [2] . Specifically, in the literature, different biosensors applied to pesticide detection have been described [3] . Pesticides are effective against several types of pests; their long-term toxicity on human health and the ecosystem is becoming an issue at higher levels of authorities worldwide [4] . Since the first biosensor is based on acetylcholinesterase or butyrylcholinesterase in 1980s, it has been a continuous improvement of cholinesterase based biosensors due to the gradual improvement of transducer devices and the availability of pure enzymes [5] [6] [7] . Standard procedures, based on liquid chromatography (LC) or gas chromatography (GC), are currently used for detection of wide range of pollutants with high sensitivity, reliability and precision [8, 9] . Despite their advantages, they are expensive, requiring laboratory facilities and specialized personnel and, moreover, time-consuming and not easily adapted to field analysis [10] . Biosensors based on the inhibition of the enzyme acetylcholinesterase have been an alternative to the use of these techniques [8, 10] . It is well known that organophosphorus and carbamate pesticides quantitatively inhibit cholinesterase. For this reason, amperometric biosensors based on inhibition of AChE have been 2 Journal of Nanomaterials extensively applied to rapid, simple, and selective analysis of pesticides (organophosphorous and carbamates) [11, 12] .
A biosensor based on a biocomposite is defined as a rigid material made by combining two or more materials of different nature (phases) where at least one of them has a biological origin [20] . The overall analytical performance of the (bio)composite electrodes is strongly influenced by the carbon loading within polymeric matrix. It is due to the fact that carbon loading influences directly the electrochemical surface and inner structure (bulk resistance) of the (bio)composite electrode, which strongly affected the overall electroanalytical performance of such composite electrodes. The incorporation of a biological element inside the composite matrix produces a modification in the internal distribution of the carbon particles on both parameters (electrochemical surface and bulk resistance). Therefore, an important feature for the development of more sensitive amperometric biosensors for pesticide detection is the optimization of the biocomposite composition in order to guarantee the best final electroanalytical properties of response.
Up to now, the characterization and optimization of biosensors based on biocomposites have been done under the criteria of maximum carbon loading and maximum biological charge which provide the maximum conductivity without losing the physical and mechanical stability and the best electroanalytical signal according to the requirements, respectively [21] . However, recently, alternative strategies of characterization have been established, based on advanced electrochemical techniques, which allow improving the electroanalytical properties of the sensor electrode by means of the optimization of the biocomposite composition based on carbon materials (as conductive phase) [22, 23] .
These characterization techniques are electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). Moreover, the viability of these techniques has been demonstrated in the characterization of composites based on different carbon allotropic forms [24, 25] . EIS measurements provide, in an easy way, information about the electron-transfer rate, double-layer capacitance, contact resistance, and resistance of the solution (ohmic resistance) [26, 27] . The electroanalytical properties required by an electrode are high electron-transfer rate, the lowest double-layer capacitance, and ohmic resistance in order to guarantee a high signal/noise ratio, high sensitivity, and low detection limits.
The main goal of this study is the application of systematic strategies of characterization in order to optimize the biocomposite composition based on graphite-epoxy that incorporates acetylcholinesterase (AChE) on the matrix. These characterization techniques pretend to optimize the conducting particle distribution on the electrode surface as function of the carbon and biological loading. Optimized biosensors guarantee more sensitive pesticides biosensors regarding detection limits. We have constructed a series of graphiteepoxy-AChE with different graphite loadings and fixed amount of AChE. In a first stage of characterization, EIS has been used to determine the biocomposite composition which provides the best electrochemical properties. Later, these results are compared with CV measurements. Before the determination of pesticides, the electroanalytical response of the optimized biocomposites has been evaluated using acetylthiocholine (ATCh) as a substrate by direct amperometric measurements. Then, the optimized biosensors have been evaluated using different inhibitors, both organophosphorus and carbamates. Finally, real samples of pesticides (spiked tap water samples) have been analyzed with the optimized biosensors based on an enzymatic inhibition process of AChE.
Experimental
2.1. Chemical Reagents. Graphite powder (particle size 50 m) was supplied by Merck (Merck Millipore, Darmstadt, Germany). Epoxy resin Epotek H77A and hardener Epotek H77B were obtained from Epoxy Technology (Epoxy Technology, Billerica, MA, USA). Potassium ferricyanide/ ferrocyanide (99.8%), potassium chloride (99.5%) ACS grade, potassium phosphate monobasic (99.5%), potassium dibasicanhydrous (98%), nitric acid (65%), methanol for HPLC (≥99.9%), acetylcholinesterase from Electrophorus electrics (electric eel, type VI-S, EC. 3.1.1.7, 518 units/mg solid), acetylthiocholine chloride (>99%), Carbofuran PESTANAL, Carbaryl PESTANAL, Paraoxon-ethyl PESTANAL, Malathion PESTANAL, and Dichlorvos PESTANAL were supplied from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. All the dissolutions were prepared using deionised water from Milli-Q system (Millipore, Billerica, MA, USA).
Fabrication of the Working Electrodes.
Handmade biocomposites were prepared following the conventional methodology previously established in our research group [28] . A resin Epotek H77 and their corresponding hardener compound were mixed in a ratio of 20 : 3 (w/w). The graphite composite was prepared by loading different amounts of graphite (14%, 15%, 16%, 17%, and 20% (w/w)) into the epoxy resin before hardening. The composite was homogenized for 30 min. After the homogenization time, the acetylcholinesterase amount (0.12% (w/w) and 0.24% (w/w)) was introduced to the composite paste and homogenized for 15 min more. The final biocomposite paste electrode was introduced in a PVC tube (6 mm i.d.) which has a cavity of 3 mm long. The electrode was allowed to harden during 5 days at 40 ∘ C. Finally, the surface was polished with different sandpapers of decreasing grain size (800 and 1200 grits) and with alumina paper (polishing strips 948201, Orion). The final electrode dimensions were 28 mm 2 . When the electrodes were not in use, they were stored at 4 ∘ C. 6 3− / Fe(CN) 6 4− ) under quiescent condition. The impedance spectra were recorded in the frequency range 0.1 Hz to 100 kHz at the redox equilibrium potential. The signal amplitude to perturb the system was 10 mV. Voltammetric measurements were taken using a 0.1 M potassium chloride solution containing 0.01 M potassium ferricyanide/ferrocyanide (Fe(CN) 6 3− /Fe(CN) 6 4− ) under quiescent condition and scan rate of 10 mV⋅s −1 .
Working Potential Selection.
The working potential used to perform the electroanalytical characterization was previously determined by linear-voltammetry using acetylthiocholine as a substrate and the optimized biocomposite graphite-epoxy-AChE (16% of graphite loading). The measurements were made in 20 mL glass cell, at room temperature (25 ∘ C) using 0.1 M phosphate solution at pH = 7.0 as background electrolyte (prepared using K 2 HPO 4 and KH 2 PO 4 under quiescent condition), and three-electrode configuration as it was described before (see Apparatus Section 2.3). The spectra were recorded in the potential range −1.0 V to 1.5 V and scan rate of 10 mV⋅s −1 . Firstly, an initial sweep is made without substrate and then, on the same record, different substrate concentration reaching a final concentration of 10 mM is added.
Amperometric Measurements.
Amperometric detection of acetylthiocholine was made under force convection by constant stirring 10 mL of the buffer solution (0.1 M phosphate solution at pH = 7.0) with magnetic stirring and by adding consecutive addition of the substrate solution. The working potential used was fixed at 700 mV (versus Ag/ AgCl).
Inhibition Tests.
In order to obtain the inhibition plots of the different pesticides, the percentage inhibition method was followed. The procedure used was based on three steps. (a) The biosensor is placed in 10 mL cell glass of stirred buffered solution (0.1 M phosphate buffer at pH = 7.0). When the current of the biosensor becomes constant, a volume of acetylthiocholine solution (5.5 ⋅ 10 −4 M) was added. The current increases rapidly and reaches a steady state ( ss ). (b) After this experiment the same biosensor is incubated for 15 min in 10 mL of a stirred buffer solution (0.1 M PBS at pH = 7.0) where is added a fixed volume of pesticide (in order to achieve the desired concentration of pesticide in the solution). (c) The incubated biosensor is washed well with the working buffer solution and then the step (a) is repeated obtaining lower steady currents ( ) after the addition of the substrate because of the inhibition (see Figure 3(b) ). From these points, the percentage of inhibition, which corresponds to a fix concentration of pesticide, is calculated in the following way:
There are numerous relationships between the inhibition percentage and the inhibitory concentration and/or inhibition time reported on the literature. These relationships are usually characterized by linear [19] , nonlinear, logarithmic [29, 30] , or other type of equations. After these calculations, the inhibition plots, (%) versus [pesticide] or log[pesticide], are constructed for the different pesticides evaluated (carbofuran, carbaryl, malathion, paraoxon, and dichlorvos). Pesticide stock solutions were prepared daily in a mixture 50 : 50 of methanol : water (v/v) due to the low solubility of some pesticides in water at room temperature (carbofuran: 320 mg/L, paraoxon: 24 mg/L, carbaryl: 40 mg/L, dichlorvos: 16000 mg/L, and malathion: 145 mg/L) [31] .
Results

Electrochemical Impedance Measurements.
The electrochemical parameters for each biocomposite electrode composition, such as ohmic resistance ( Ω ), charge-transfer resistance ( ct ), and double-layer capacitance ( dl ), with different graphite loading and constant amount of AChE, were evaluated by electrochemical impedance spectroscopy. These parameters were obtained by fitting the impedance spectra to a Randles circuit: Figure 1 (a), which is sufficiently suitable to interpret Ω , ct , and dl values.
Four compositions with variable graphite loading and fixed amount of AChE were evaluated. The interval selected for this study was 14%, 15%, 16%, and 17% of graphite loading and were compared to the conventional composition of 20% of graphite loading which was used as a standard composition in previous works [32] . The amount of AChE immobilized on the matrix of the biocomposite is crucial for the pesticide determination [8] . Moreover, the quality and quantity of the enzyme immobilization will ultimately affect the performance of the biosensor in terms of sensitivity, stability, response time, and reproducibility [33] . According to the enzyme activity, the amount of AChE was initially fixed in 0.12% (w/w) for each composition. Thus, for each biocomposite electrode, the amount of AChE is 746 units which is sufficient for guaranteeing high enough analytical signals in the pesticides determination [31] . In early studies, we have reported that, biosensors with compositions below 14% of graphite loading in spite of having low double-layer capacitance values, it presented high ohmic resistance and charge-transfer resistance values. However, for biosensors with more than 17% of graphite loading, despite having low ohmic resistance and charge-transfer resistance values, the double-layer capacitance values increased remarkably [23] . Consequently, in the present study, this range of compositions has been not considered. The impedance spectra recorded for each graphite composition and fixed percentage AChE evaluated are depicted in Figure 1 (a). Nyquist plots obtained showed that compositions from 14% to 17% of graphite loading are represented by semicircle with big diameter where the impedance behaviour is dominated by kinetic process. However, for high proportions of graphite loading, 20% of graphite loading, the semicircle diameter decreases and the diffusion control start to be discerned at low frequencies (linear zone). At high carbon proportions, there is no mass transfer charge limitation on the biocomposites electrodes but the electroactive specie diffusion is limited, presenting a diffusion control (similar to macroelectrode behaviour).
The variation of the ohmic resistance as function of the graphite loading with constant amount of AChE is depicted in Figure 2(a) . As it can be observed, there is a decrease on the ohmic resistance value when the graphite loading increases. This decrease on the R Ω value can be associated with the increase of the conductive material present on the surface which, at the same time, increases the current conducting zones. Low values of R Ω are required in order to assure good sensitivity and low response time. So, compositions between 16% and 20% of graphite loading presented the lowest ohmic resistance values.
The quantitative values of the charge-transfer resistance are shown in Figure 2(b) . In general trends, a decrease on the ct values with the increase of the graphite loading which is proportional to the increase of the biosensor active area can be observed. In terms of charge-transfer resistance, the optimal values are presented in biocomposites compositions which presented low ct values. So, biocomposites between 16% and 20% of graphite loading are the ones which guarantee high electron-transfer rate and will guarantee an optimal electroanalytical response.
Finally, it is important to consider the double-layer capacitance value which is directly related to the charging or background current and inversely proportional to the signal/noise ratio. Figure 2 (c) depicts the variation of this parameter as function of the graphite loading. dl value remains low at low graphite loading. An increase of the dl value is observed when the graphite loading increases to 20% of graphite loading. Based on these results and taking into the account that biocomposites with low dl values are the optimal in order to guarantee the minimum background current and, therefore, high signal-to-noise ratio; the biocomposites compositions between 14% and 17% of graphite loading are the ones which present low dl values.
According to the results obtained in the EIS characterization and taking into the account the electroanalytical properties required by a biosensor such as low response time, low limit of detection, and high sensitivity, the biocomposites between 16% and 17% of graphite loading present these requirements and, therefore, the optimal composition for their use as a transducers in analytical applications has been considered (see Supplementary Materials, Section S1). Moreover, the biocomposites composition included in this interval present similar electrochemical behaviour, so small variations in the composition inside this interval do not produce significance differences in the electrochemical properties. The results obtained showed that the incorporation of a third biological compound inside the composite matrix produces a displacement in the optimal range composition when it is compared to the graphite-epoxy composite electrodes due to the separation of the conducting particles by the presence of the enzyme charge.
Cyclic Voltammetry Characterization.
Cyclic voltammetry measurements were performed in order to complement EIS measurements. The different voltammograms obtained for each biocomposite composition electrodes evaluated are depicted in Figure 1(b) . As it can be observed, for the biocomposite composition with 20% of graphite loading, oxidation and reduction peaks are closer to each other, and the voltammogram presents the typical macroelectrode shape where linear diffusion controls the mass transport. However, composites between 14% and 17% of graphite loading the oxidation and reduction peaks are far to each other. The cyclic voltammograms present behaviour as array of microelectrodes where the radial diffusion dominates the transport mass [34] .
Different parameters can be extracted from the cyclic voltammograms such as the peak separation potential (Δ ) and peak current ( ) as is shown in Table 1 . Furthermore, from the current intensity ( ) value, the electroactive area using modified Randles-Sevčik equation (see (2)) [26] can be calculated, which is appropriate for electron-transfer controlled process:
In this equation, corresponds to the transfer coefficient which was considered to be approximately 0.5; red = 6.32 ⋅ 10 −6 cm 2 s −1 [26] corresponds to the diffusion coefficient of the reduced species; = 0.01 Vs −1 represents the scan rate; is the electroactive area; and * red = 0.01 M is the bulk concentration of the electroactive species. As we can see in Table 1 , there is an increase of the peak current with the graphite corresponds to the exchange current, ct to the charge-transfer resistance, to peak current, to active area, and ΔE to the peak separation potential. ct ⋅ and ct EIS ⋅ correspond to ct obtained by voltammetric and EIS measurements, respectively, and are normalized with respect to the active area. loading associated with an increase of the electroactive area, together with a decrease of the peak separation related to an enhancement of the electron-transfer rate. We also evaluate the exchange current from the Tafel plots (log current versus potential). Using the exchange current value ( ), we also can evaluate the charge-transfer resistance through the relation = / ct . ct values obtained by EIS are following the same trend like the results obtained by CV technique (see Figure 2 (b) and inset figure in Figure 1(b) ). We have normalized ct value obtained by both electrochemical techniques (EIS and CV) with respect to the electroactive area ( ) (see Table 1 ) and it is observed that there is a decrease on the ( ct ⋅ ) and ( ct EIS ⋅ ) values when the graphite loading increases showing the evident influence of the electrochemical anisotropy of the graphite, as a carbon material, which can be more noticeable as the graphite loading is increased. 
Electroanalytical Characterization
Inhibition Measurements:
Indirect Pesticide Determination. Acetylthiocholine (ATCh) was used as a substrate for evaluating the electroanalytical response of the biocomposite electrodes versus pesticides inhibition. The response mechanism of the biosensor graphite-epoxy-AChE is based on two different steps. In a first step, the acetylthiocholine is biocatalytically hydrolyzed by the acetylcholinesterase enzyme producing acetic acid and thiocholine. In a second step, thiocholine is electrochemically oxidized in the electrode surface using a fixed potential (see Figure 3(a) ). The current intensity generated by this oxidation is directly proportional to the ATCh concentration in solution.
Firstly, linear sweep voltammograms were performed on the graphite-epoxy-AChE biocomposites for acetylthiocholine (ATCh) in order to determine the optimum polarization potential used in the amperometric measurements (see Supplementary Materials, Section S2). The result obtained in this study shows that the plateau was obtained at 700 mV (versus Ag/AgCl). So, this potential was chosen for the amperometric measurements.
In order to use the biosensors in the determination of pesticides, it is important to determine the substrate concentration range from which the enzyme begins to saturate. Under saturate conditions, the generated intensity by the biosensor is constant and independent of the substrate concentration present. In the pesticide determination by enzymatic inhibition, it is recommended to work under saturation conditions with a higher initial analytical signal in order to assure the maximum applicability of the biosensor due to the irreversible enzymatic inhibition that the AChE enzyme suffers from. In Supplementary Materials (see Section S3), the electroanalytical parameters of response of the biosensors are described regarding limit of detection, sensibility, and linear range for acetylthiocholine.
As it can be observed in Figure 4(a) , for the biocomposites compositions with 16%-17% of graphite loading, concentrations higher than 0.4 mM of ATCh, the analytical signal starts to be independent of the substrate concentration. For biocomposites with 20% of graphite loading (see Figure 4(b) ), the saturation zone appears for concentrations of substrate higher than 0.6 mM. An increase of the electrode electrochemical active area produces an increase on the signal current intensity generated on the surface. Therefore, according to the results obtained, pesticide inhibition determination was performed using a constant concentration of ATCh of 5.5 ⋅ 10 −4 M. Two procedures can be followed for the detection of pesticides, the direct method, and the indirect method [35] . By means of the direct determination method, it was only possible to detect pesticide concentrations higher than 10 −3 M. For this reason, the indirect method was followed in the present study (see Section 2.4.4). Thus, a comparative study for the biocomposite electrodes with 16%, 17% and 20% of graphite loading was performed.
The inhibition effect of carbofuran, carbaryl, dichlorvos, malathion, and paraoxon on the graphite-epoxy-AChE biosensor is shown in Figures 5(a 1 ), 5(b 1 ), 5(c 1 ), 5(d 1 ) , and 5(e 1 ). Relationships between percentage inhibition and the inhibitory pesticide concentration can usually be characterized by linear, nonlinear, logarithmic, or other types of equation [11] . As it can be seen in Figures 5(a 2 20% of graphite loading) cannot distinguish small intensity variations caused by a minimum variation of the enzyme activity at low concentrations of pesticide (inhibitor). This fact is directly related to the capacity for determining smaller concentrations of enzymatic product (thiocholine) produced. However, optimized biosensors, with 16% and 17% of graphite loading, present enhanced electrochemical properties such as high signal/noise ratio values. Consequently, the detection limits achieved may significantly improve, being able to distinguish small variations in the thiocholine concentration (enzymatic reaction product) generated by the small reduction of enzyme activity (see Figure 3(a) ). The enzymatic activity decrease is directly related to pesticides concentration. The limits of detection and the parameters of calibration curves for the different pesticides studied are shown in Table 2 . For the optimized biosensors, it can be observed that the limit of detection achieved is one decade of concentration lower. Moreover, as it can be observed, the slope of the inhibition plots increases when the graphite loading increases. This behaviour is observed for both pesticide families, as organophosphorus and carbamates.
Regarding the biocomposites which are in the optimal composition range (16%-17%), there are no significant differences in the limit of detection achieved for each pesticide studied. However, biosensors with 17% of graphite loading presented better sensibility for low pesticide concentrations with respect to the biocomposites with 16% of graphite loading. This fact can be attributed to the improvement of the charge-transfer rate, so the biocomposite with 16% of graphite loading was more sensitive biosensor for small variations of intensity measurements. On the other hand, performance of the fabricated biosensor has been compared with other contemporary AChE based biosensors reported in the literature. The comparison of the detection limits is shown in Table 3 . As it can be observed, the limit of detection achieved for the optimized biocomposites is comparable to the others achieved with biosensors based on AChE when they are tested with the same pesticides. It is important to highlight that the optimized biosensors presented in this work have achieved lower pesticide concentration. Table 4 . As it can be observed, the precision obtained with this method is adequate and the recovery percentages are in all the cases near 100%. Moreover, these results confirm that there is no pesticide presence in the ground susceptible to be swept along in the collected water process before the doping. So, the results obtained with the biosensor coincide with the pesticide additions made in the real samples and it is confirmed that there is no interference associated with other inhibitors.
Conclusions
Amperometric biosensors based on graphite-epoxy-AChE have been constructed, characterized, and optimized by means of EIS and CV techniques. This study has demonstrated the viability of these electrochemical techniques of characterization in the development of biosensors based on biocomposites. By means of EIS technique, the optimal composition range of conductive phase and enzyme for the biocomposite system based on graphite-epoxy-AChE that is near to a composition between 16% and 17% of graphite loading with 0.12% AChE has been estimated. In addition, it has been demonstrated that the optimal composition allows constructing more robust amperometric biosensors based on biocomposites. Moreover, they are useful for applications that require more sensitive devices, with optimized signal-to-noise ratio, in order to determine lower analyte concentrations.
Regarding the inhibitors determination by indirect method, the optimized biocomposite sensor allows achieving lower pesticide concentrations, being these concentrations lower than the achieved ones by the standard composition electrode. Furthermore, the detection limits were lowest compared to other biosensors reported in the literature. On the other hand, in the analysis of spiked water samples with pesticides (organophosphorus and carbamates), there were no significant differences in the results obtained with the biosensors with 16% and 17% graphite loading with 0.12% AChE. In all the cases, the recovery percentage is around 100%. This fact leads to the conclusion that the sample matrices did not interfere with pesticide determination and thus they were used for the analysis of spiked samples.
It is important to highlight that these electrochemical characterization strategies allow optimizing both conductive particles loading and biological material ratio present on the (bio)sensors based on rigid (bio)composites. So, after these results, it is possible to set a methodology for the composition optimization in order to improve the biosensors electroanalytical properties.
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